The Metabolic Syndrome (MetS) is a complex condition which is characterized by increased risk factor for cardiovascular diseases, such as dyslipidemia, hypertension and central obesity, in addition to increased risk for type 2 diabetes mellitus (T2DM). All of these factors alone have a notable relationship with DNA damage. However, when the risks are combined, the extent for major outcomes being related to DNA damage (cancer), the consequence can be accelerated by the metabolic dysfunction. This article will illustrate the scientific evidence of the role of DNA damage in MetS, as well as discuss the interplay of major risks factors (air pollution, physical inactivity and dietary interventions) in genomic stability.
Pathophysiology of Metabolic Syndrome
The pathophysiological mechanisms involved in MetS are represented by perceptible biomarker of metabolic disease, (elevated body mass index, central adiposity) [12] , classical clinical parameters (obesity-related like hyperglycemia, hypertension as dyslipidemia) and several subclinical process and its consequences (increased circulating levels of pro-inflammatory cytokines and adipokines, lipid peroxides and oxidized DNA bases). Once the development of MetS it is complex and affects several biochemical and physiological systems in the body [13] [14] , interventions requires different approaches as from medication to change lifestyle to counteract the MetS risk, and the comprehension of the pathological processes are fundamental to program new strategies for health improvements.
Central adiposity is associated to pathophysiological mechanisms in MetS. Adipose tissue secretes proteins and non-protein factors into the circulation, the adipokines, which modulates glucose and lipid metabolism. Leptin and adiponectin are both adipokines exclusively synthesized by adipocytes [13] [14] . Leptin is a key regulator of satiety and appetite and has a role on peripheral and cardiovascular metabolic mechanisms of enhancing pro-thrombotic platelet aggregation and endothelial dysfunction, stimulating the production of inflammatory cytokines and enhancing calcification of vascular cells [15] [16] . However, obese patients develop resistance to leptin, which is directly related to adiposity [2] . Adiponectin has been known as modulator of glucose and lipid metabolism in muscle and in the liver. Its mechanism for increasing insulin sensitivity is the activation of AMPK in the muscle or in the liver [17] . Despite of most obese patients presenting low levels of adiponectin, only the adipose tissue mass is responsible for negative correlation between adiponectin levels and insulin sensitivity [13] . In addition, there is a tissue-specific production of free radicals due to the synthesis of proinflammatory adipokines, which are promoted by an increased visceral fat [18] . Skeletal muscle represents a key point for maintenance of glucose homeostasis and is a target organ of the obesity process. Muscle metabolic function can be impaired by increasing the accumulation of visceral fat. The visceral adipocytes release non-esterified fatty acids, as well as the pro-inflammatory cytokine TNF-α, and ROS. When non-esterified fatty acids accumulate in cells they undergo β-oxidation, forming acetyl-CoA that enters the Krebs cycle, representing a free radical industry. The excessive amount of ROS formed in this situation requires a protective response against oxidative stress: decrease the influx of glucose into the cell to avoid more free radical formation by glucose metabolism. Thus, the phosphorylation of tyrosine in IRS-1 as a "protective mechanism" that down-regulates insulin sensitivity in muscle, promotes insulin resistance, and then hyperglycemia [19] . Continuous insulin resistance increases and/or decreases in insulin secretory compensation responses, the deterioration of impaired glucose tolerance may occur. Increased glucose, free fat acid an insulin levels lead to ROS overproduction, increased oxidative stress and activate stress transduction factor pathways. This can cause insulin activity inhibition and secretion to accelerate the onset of T2DM [20] .
In hyperglycemia state, glucose can be incorporated into proteins. Chronic hyperglycemia can lead to tissue damage and its mechanisms include glycation of proteins and excess production of polyol compounds from glucose [21] . Chronic hyperglycemia induced by insulin resistance, is characterized by high plasma insulin concentrations as consequence of impaired hormonal insulin signaling. Also, genetic abnormalities of proteins involved in insulin action cascade, malnutrition and high visceral adiposity are mechanisms that have been proposed to causing insulin resistance [22] .
These metabolic changes can induce genotoxic stresses, stimulating two major insulin signaling pathways: phosphoinositide-3 kinase (PI3K) and mitogen-activated protein kinase (MAPK) pathways. PI3Ks are a family of intracellular signal transducer enzymes involved in cellular growth, proliferation, differentiation, motility, survival and intracellular trafficking. MAPKs are identified as stress-activated kinases involved in directing cellular responses to mitogens, osmotic and oxidative stress, heat shock proteins and proinflammatory cytokines, regulating proliferation, gene expression, differentiation, mitosis, cell survival, and apoptosis. Both signalling pathways activate extracellular signal-regulated kinases that mediate the mitogenic growth and pro-inflammatory responses of insulin [23] [24] . Moreover, in response of cellular stresses and DNA damage, tumor suppression protein p53 is activated, which directs cells to cell cycle arrest, senescence, or apoptosis regulating the transcription and activation of target genes [23] [25] .
Hypertension is one of the criteria for MetS diagnosis and its pathophysiology has insulin resistance and central obesity as the main factors involved. The oxidative stress related to hypertension may affect endothelial cell functions, contributing to cardiovascular complications [26] . MetS is associated mainly with the salt-sensitive hypertension and the ROS play important role as a mechanical link in this condition [27] . Excessive abdominal fat (as observed in MetS) is related with ROS overproduction due to increase adipocytokines secretion such as TNF-α, angiotensinogen, non-esterified fatty acids which leads to a disturbed sodium balance [28] . Also, the increase of central adiposity, thus, related to MetS, can increase the resistance of vessels, including renal arteries, establishing a major risk for increasing blood pressure by mechanical factors, as well as a disruption in the renin-angiotensin system.
Redón and colleagues (2003) found higher levels of damaged puric base, 8-oxo-2'-deoxyguanosine, in nuclear and mitochondrial deoxyribonucleoproteins on hypertensive subjects than normotensive control subjects. The cytokines, ROS and lipids released from adipose tissue to bloodstream may contribute to endothelium dysfunction and impaired autonomic pressure regulation. The inflammation process in endothelium is related to oxidative stress, which promotes oxidation of LDL, macrophage infiltration and foam cell formation induced by cytokine signaling to chemotaxis and intracellular inflammatory process [30] .
DNA Damage and Its Associations with Oxidative Stress in Metabolic Syndrome
ROS production is a natural phenomenon inside aerobic metabolism organism. The increase in the energy demand usually result in high influx of O 2 in the mitochondrial reactions that results in ROS overproduction. Free radicals have many physiological functions, however have high reactivity to adjacent biomolecules. It is well established that the overproduction of reactive species leads to the impairment of important cellular structures such as lipid peroxidation (mainly in plasmatic membranes), damage in proteins (signaling proteins, enzymes and other proteins) and genomic damage (oxidation of nucleic acids). Tornovsky-Babeay and colleagues (2014) suggests that excessive glucose metabolism in cells can leads to double-strand breaks (DSB) in the DNA, activation of p53, and apoptosis via oxidative stress. In MetS, the balance of ROS and RNS generation, as well as antioxidant system seems to be affected by several factors, leading to higher susceptibility to cardiovascular events [32] .
There are evidences that this type of injury markers are elevated in diabetic patients. The complications of hyperglycemia are related with higher production of ROS and RNS, which promotes lipids oxidation and micro and macro vascular complications. When extracellular glucose concentrations are elevated, these complications occur due to the failure of cells to down-regulate their glucose uptake [22] [33] . Current evidences suggests that glucose-induced oxidative stress is a mechanism for glucose toxicity. Hyperglycemia generates ROS in β-cells, due to glucose overload in these cells [34] . Oxidative stress can induce apoptosis through p53-dependent mechanism. β-cells expresses the trans-gene p53, so, deficiency in p53 can prevent cell death by glucotoxicity, but it does not interfere directly with metabolic processes that cause cell dysfunction, such as ROS production [31] .
Hyperglycemia per se is also known to be involved in inflammation and diabetes-associated vascular complications induced by ROS. The free radical gas nitric oxide (NO˙) is synthesized at high rates by the inducible form of nitric oxide synthase (iNOS). Although NO is required to stimulate essential functions such as muscle GLUT4 expression/translocation and insulin secretion by β-cells, at high concentrations, NO˙ compromises insulin-stimulated glucose transport in skeletal muscle and can also be toxic to β-cells inducing DNA damage. NO˙ overload results in a reduction of insulin stimulated-glucose uptake and glycogen synthesis in muscle, lowering the activity of IRβ and IRS-1. This mechanism is accompanied by the impairment in intracellular stress response (heat shock protein 70 kDa expression) in muscle [35] and liver [36] . Also, altered metabolic state can serve as stimulus to heat shock protein release (extracellular heat shock proteins), which is accompanied by cytokine release [37] . These circulating elements (heat shock proteins and cytokines) are related to pro-inflammatory signaling from immune system to whole body [38] that represents low-grade inflammation of MetS [39] . Although TNF-α is strongly related to obesity, the polymorphism of TNF-α is not related to obesity while genetic variation in the stress protein is highly associated with obesity [40] .
Repair Mechanisms of DNA Damage
Oxidative DNA lesions comprises DNA strand breaks and base modifications. which may be repaired by the DNA base excision repair (BER) [41] - [43] . If the DNA strand is broken, it can be reconnected to another position, thereby changing the order of its bases. This is one of the basic processes of mutation and the accumulation of oxidatively damaged bases can trigger oncogenesis.
The cell has different enzymes that can exert important role in DNA damage. The 8-oxoguanine DNA glycosylase (OGG1) is a major repair enzyme of oxidation products of guanine, such as 7, 8-dihydro-8-oxoguanine (8-oxoG), which is the most predominant mutagenic ROS-induced DNA lesion [42] [44] . In the presence of 8-oxoG base, OGG1 acts as a guanine nucleotide exchange factor, catalyzing the release of oxidized purines from DNA, by excision of the damaged nucleotide and its replacement with a new undamaged one via BER.
If DNA alterations remains unrepaired, these changes may interfere with DNA replication and transcription, resulting in the accumulation of mutations [45] . Pathological processes, such as cancer, has been linked to the unrepaired lesion in the genome caused by 8-oxoG. Sequence analysis of p53 tumor suppressor gene, commonly mutated in several types of cancer, indicates a high number of conversions cytosine-guanine: thymine-adenine (CG: TA), probably resulting from a deficiency in OGG1.
Recently, another protein has gained attention, the p53-binding protein 1 (53BP1), which exerts important role in regulate the cellular response to double strand breaks of DNA [46] . The DSB are major issue in genomic stability, since the consequences of excessive DSB are strongly related to the development of cancer [47] . The 53BP1 binds to the damaged chromatin and demonstrates to be an antagonist in DSB repair pathway. For instance, when binding to damaged chromatin along with the methylated form, the 53BP1 induces to non-homologous end-joining mediated repair. In another approach, the inhibition of 53BP1 might occurs in the S and G2 phase of cell cycle, in which the non binding action of 53BP1 with the acetylated histone, the DNA repair of DSB can be shifted towards homologous recombination [46] .
Associated Factors to DNA Damage in Metabolic Syndrome
The outcomes from a pathophysiological event, generally affects the antioxidant system. As it was discussed above, not only damage to biomolecules can determinate the severity of the disease, but the genotoxicity may indicate the amplitude of oxidative damage. MetS can have different primary components, such as obesity, hypertension, diabetes and so on. Accordingly to the literature, it seems that this set of metabolic disorders can influence the extent of DNA damage. In Figure 1 , it is represented the harmful and protection factors that may affect MetS. Since ROS/RNS are the major source of endogenous genotoxic damage, MetS patients shows remarkably higher nuclear DNA damage in peripheral blood, compared to healthy subjects [48] . Also, in the study, Karaman and colleagues were able to show that subjects with MetS also demonstrated higher glycated hemoglobin (HbA1c), systolic and diastolic blood pressure, as well as higher visceral fat in waist circumference and were associated with DNA damage.
The DNA damage can demonstrate a wide variety of results, however, the permanent damage must be quantified by other means. For that, the micronuclei assay which determinates the frequency of binucleated cells is a trustworthy and sensitive technique to quantify mutagenesis [49] . It has been demonstrated that the frequency of mutagenesis of patients with MetS are approximately 100% higher than healthy subjects and was positively correlated with waist circumference, BMI and with plasma triglycerides [48] . Once the mutagenic process is established, the risk of developing to cancers is remarkably higher. Not all types of cancers have been related to MetS, but breast, liver, gallbladder and pancreatic cancer demonstrate epidemiological evidences that the increase of central adiposity is a major risk factor [50] .
Also, high-fat diets may impair insulin sensitivity and can induce mitochondrial DNA damage in mice which was associated with mitochondrial dysfunction and oxidative stress in skeletal muscle and in liver [51] . 
Environmental Factors
The inter-relationship between atmospheric pollution and oxidative stress has been extensively studied [52] . Innumerous reports regarding antioxidant status in different populations with or without any disorder indicated that particulate matter as the major cause of redox imbalance. Particulate matter has different sizes and its oxidative effects are notably size-dependent [53] [54] .
The inhalation of airborne particulate matter can cause a series of oxidative damage in humans. The main issue of the fine and ultrafine particulate matter is its size (<2.5 µm) and by this small size, can reach bloodstream and alveolar structures [55] . These particles can affect hemodynamic responses by the increase in sympathetic tone, as well as superoxide inhibition of the action of NO in endothelial relaxation [56] . Also, its composition are constituted by a significant portion of heavy metals, such as iron and aluminum. As a result of containing metals, the particulate matter can directly induce the formation of free radicals, thus increasing the risk of damaging the DNA [57] .
It has been widely demonstrated that urban areas area more polluted than rural areas [58] [59]. Since a significant part of obese individuals live in a polluted environment, for instance in major cities, the disease itself exerts chronic pro-oxidant and proinflammatory effect. In a recent investigation, Devlin and colleagues (2014) sought to submit individuals with MetS to a controlled exposure to concentrated ultrafine ambient particulate matter. The The researchers evaluated the presence of a polymorphism in enzymatic antioxidant system. The study aimed to evaluate the effects of glutathione-S-transferase M1 (GSTM1) polymorphism in polluted areas, which is present in approximately 40% of the population [60] . The result of the acute exposure, demonstrated that individuals with MetS that possessed GSTM1 polymorphism were more susceptible to cardiovascular alterations, such as heart rate variability, which could increase the risk of cardiovascular events [61] .
As an attempt to demonstrate the interaction of the oxidative burden of individuals with MetS, Abdilla and colleagues (2007) evaluated oxidative DNA damage in this population with and without hypertension. It was observed that the presence of hypertension in individuals with MetS has a minimal oxidative burden, compared to hyperglycemia. It is noteworthy to emphasize that the sample used in this study does not represent the population with MetS, once the mean BMI (Body Mass Index) found was 29.2 kg/m 2 . Individuals with MetS often show BMI higher than 30.0 kg/m 2 , demonstrating a possible explanation to lower oxidative burden in hypertensive patients with MetS.
Physical Inactivity
Physical inactivity can be defined as not meeting any of the following criteria: a) 30 minutes of moderate-intensity physical activity on at least 5 days each week; b) 20 minutes of vigorous-intensity physical activity on at least 3 days each week; c) an equivalent combination achieving 600 metabolic equivalent task (MET) min per week [63] .
It is well established that physical inactivity can lead to a series of non-communicable diseases, such as obesity, T2DM, hypertension and MetS [64] - [66] . Recently, it has been estimated that approximately 35% of the population worldwide does not meet the present recommendations for physical activity [67] . The outcomes of being physically inactive comprises 5.8% higher chances to develop coronary heart disease and 7.2% higher chances to develop type 2 diabetes [67] . The systemic oxidative stress including higher levels of lipid peroxidation and lower antioxidant defense capacity is related to a lower aerobic capacity and impaired skeletal muscle energy metabolism in patients with MetS [68] . On the other hand, recent evidences shows that regular exercises can directly modulate antioxidant defense system with significant increases in catalase, superoxide dismutase, glutathione peroxidase expression and activity, as well as it can decrease insulin resistance and inflammatory markers in obese men [69] .
Physical inactivity has a major health impact on the world. Elimination of physical inactivity would remove between 6% to 10% of major non-communicable diseases, such as chronic heart failure, T2DM, breast and colon cancer, as well it would increase life expectancy [67] . The benefits of regular exercise training with insulin sensibility, inflammatory profile and antioxidant states can be observed even without significant global weight loss [70] .
Since physical training increases functional health, cardiorespiratory and muscular fitness, it does not certificate that other environmental factors might influence its effect. For instance, in urban areas air pollution is a major problem for respiratory diseases. Exercising in polluted areas might lead to oxidative damage. Experi-mental models of particulate matter inhalation and urban ambient particles associated with exercise demonstrated to aggravate oxidative stress [71] - [73] . However, few studies sought to evaluate genotoxic responses to acute and chronic exercises in MetS condition.
Regarding the acute responses of exercise, one isolated session of exercise is related with improvement in insulin sensitivity because of weight loss, reduction of body fat, and optimizing glucose uptake after physical activity, due to increase in GLUT4 (Glucose Transporter type 4) [22] . In one of the few investigations regarding the chronic effect of exercise without MetS, Radak and colleagues (2009) reported that swimming (duration of 8 weeks) was able to improve the level/activity of DNA damage repair of the enzyme 8-oxoguanine-DNA glycosylase [74] . The researchers also observed that physical training positively affected oxidized nuclear and mitochondrial DNA bases, indicating a genotoxic protection induced by the exercise and possibly may be an important intervention in patients with MetSs.
Dietary Interventions
Nutritional aspects are involved in prevention as well as in treatment in MetS complications, such as glycemic control and weight loss by modifications on eating behavior. However, its quality of micronutrients can actually show notable oxidative DNA damage protection [75] . It has been firstly demonstrated that the dietary cholesterol can influence in serum cholesterol levels [76] . The consumption of nuts has gained attention once it was demonstrated an inverse association of nut consumption with total and cause-specific mortality in healthy adults (mean age of 60 years) [77] . Also regarding nuts consumption, it has been recently demonstrated that the consumption of 60 grams per day of soy nuts in patients with T2DM for eight weeks was able to reduce fasting blood glucose, insulin concentration, as well as systolic and diastolic blood pressure [78] .
The effect of hypocaloric diet was studied by Reis and colleagues (2014) in women with MetS for 16 weeks. It was observed significant reductions in total body mass, BMI, waist circumference, systolic and diastolic arterial blood pressure, as well as increase in plasma levels of HDL cholesterol, reduction in plasma level of total cholesterol, triglycerides, and LDL cholesterol. The intervention was based on a decrease in the consumption of energy and dietary lipids, and an increase in the consumption of monounsaturated fatty acids.
In a well designed experiment, van Dijk and colleagues (2009) tested the difference of saturated fatty acidrich diet (SFA) to monounsaturated fatty acid-rich diet (MUFA) on gene expression of inflammatory profile in subjects with risk to develop MetS. In a 8 week protocol, the subjects that consumed SFA-rich diet showed notable increase of gene expression implicated in inflammation pathway in adipose tissue, such as peroxisome proliferator-activated receptor-γ, integrin β2 and cathepsin S. The increase of proinflammatory gene expression occurred regardless of changes in morphology or insulin sensitivity. The modification of the proportion of MUFA in diets for this population may prevent adipose tissue inflammation, thus, diminishing the risk to develop inflammation-related disorders.
Recently it has been demonstrated that nutrients might exert synergistic effects in MetS coadjuvant treatment. In approximately 100 patients (majority men, 80%) the association of 3 g/day of fish oil with 10 mL/day of extra virgin olive oil, oxidative stress parameters, such as total peroxyl radical-trapping (TRAP), were measured at the beginning of the intervention and measured again after 90 days to compare with control group and also with fish oil supplementation alone, as well as extra virgin olive oil alone. In this study, the group that received both oils showed a remarkable decrease in total cholesterol, low-density lipoprotein cholesterol and in hydroperoxides. This intervention showed evidence for future investigations to test the strength of the association of fish oil with extra virgin olive oil in patients with MetS [81] .
Although caloric restriction results on weight loss and its consequences ameliorates MetS complications, is important pay attention to quality of nutritional interventions. There are evidences that low carbohydrate diets would provide benefits to MetS symptoms in function of maintain low levels of insulin. However, is well know that dyslipidemia and central obesity are involved on insulin resistance state. Since hyperglycemia it is considered one of the major factors impacting in oxidative stress, on the other hand, the increase in protein would be deleterious for type 2 diabetics because of the increase in glucose due to gluconeogenesis [82] . Esmaillzadeh and colleagues (2007) found that the dietary pattern characterized by consumption of high fiber foods, such as fruits, vegetables and legumes was associated with reduced risk of insulin resistance and the MetS. Moreover, the high consumption of refined grains, red meat, processed meat, butter, and high-fat dairy associated with low consumptions of vegetables and low-fat dairy were directly related to greater risk of developing MetS in women.
The Mediterranean diet is known by the high consumption of fruits, vegetables, fish, nuts and extra virgin olive oil, which is rich in vitamins, minerals and antioxidant phenolic content. Mitjavila and colleagues (2013) investigated the effect of this diet on systemic oxidative biomarkers in MetS individuals. In a randomized controlled trial which is part of a large multicenter study, the PREDIMED [85] , 110 women with MetS were enrolled to a 1-year intervention of Mediterranean diet alone or associated with extra virgin olive oil to assess the oxidative stress parameters, as well as DNA damage. In this trial, dietitians have visited the subjects at baseline and every 3 months to provide dietetic support for the Mediterranean diet. The group that consumed extra virgin olive oil had to consume approximately 1 L/week for one year. The results from this trial were remarkably promising, the group of Mediterranean diet associated to olive oil demonstrated lower oxidative damage to lipids and DNA. The oxidative damage that was evaluated in urine (8-oxo-dG), characterized as a reliable marker to assess oxidative DNA damage.
In a different approach, a dietary intervention containing green algae mixture of Scenedesmus dimorphus and Schroederiella apiculata attenuated MetS physiological alterations in rats. The diet promoted significant reduction in impaired glucose tolerance, as well as insulin sensitivity, fat deposition (mainly visceral fat), hypertension and collagen deposition in heart in rats submitted to a high fat diet [86] . The effects observed of attenuating MetS symptoms induced by the diet by the green algae mixture seems to be related to the insoluble fiber, as well as the protein present in this association.
The choice of interventions is based on individual genetic and lifestyle conditions and assessments of risk factors involved. However, reducing the intake in dietary saturated fat and an increasing in high-fiber foods (fruits, vegetables, legumes) are recommendations that may be successful in preventing weight gain [87] , as well as in weight loss and in its consequences control of complications of MetS.
Conclusion
The MetS affects a wide variety of systems and organs. The DNA damage can play an important role in its severity. Few environmental factors can modify the fierceness of pathological alterations in patients with MetS, such as air pollution, physical inactivity and diet. Despite the severity that this factor might affect, all of them are remarkably modifiable. Changing lifestyle habits might promote beneficial effects not only in cardiovascular health, but also in the risk for developing cancer, which is related to DNA damage. In a near future, once the scientific investigations are performed regarding the mechanisms and impact that DNA damage can elicit in MetS, new strategies for preventing major complications, such as obesity-related tumorigenesis, become the main challenge for scientists and healthcare professionals.
